Chronic heart failure, secondary to left ventricular hypertrophy or myocardial infarction, is a condition with increasing morbidity and mortality. Although the mechanisms underlying the development and progression of this condition remain a subject of intense interest, there is now growing evidence that redox-sensitive pathways play an important role. This article focuses on the involvement of reactive oxygen species derived from a family of superoxide-generating enzymes, termed NADPH oxidases (NOXs), in the pathophysiology of ventricular hypertrophy, the accompanying interstitial fibrosis and subsequent heart failure. In particular, the apparent ability of the different NADPH oxidase isoforms to define the response of a cell to a range of physiological and pathophysiological stimuli is reviewed. If confirmed, these data would suggest that independently targeting different members of the NOX family may hold the potential for therapeutic intervention in the treatment of cardiac disease.
INTRODUCTION
Chronic heart failure (CHF) affects up to 2% of the adult population in the Western world and is a condition with increasing incidence and substantial morbidity and mortality despite medical treatment. CHF occurs typically in response to sustained increases in cardiac workload, most commonly secondary to hypertension or following myocardial infarction (Swynghedauw 1999) . In the former setting, the heart initially adapts in a process termed left ventricular hypertrophy (LVH), which involves alterations in cardiac myocyte, extracellular matrix and coronary vessel structure and function that are driven largely by changes in gene expression. The increase in LV wall thickness and mass and changes in contractile properties that occur with LVH may initially be adaptive by normalizing wall stress. However, progressive LVH leads to contractile depression, ventricular dilatation and the development of CHF. This process is also accompanied by significant interstitial cardiac fibrosis. CHF secondary to myocardial infarction involves a process known as adverse cardiac remodelling which involves changes in cardiac muscle properties analogous to those found in LVH, together with substantial alterations in the shape and volume of the heart which are driven by profound remodelling of the extracellular matrix. Like LVH, the process of remodelling postmyocardial infarction may initially be compensatory by normalizing cardiac work, but it eventually leads to CHF as the ventricle dilates and becomes impaired.
The mechanisms responsible for the development of LVH and subsequent transition to CHF as well as those underlying adverse remodelling post-myocardial infarction are the subject of intense investigation (Hunter & Chien 1999) . In this article, we consider the role of increases in oxidative stress, particularly that deriving from the NADPH oxidase (NOX) family of enzymes.
EFFECTS OF REACTIVE OXYGEN SPECIES IN THE HEART
Reactive oxygen species (ROS) could, in principle, have several different effects in the heart. Traditionally, free radicals have been recognized to be capable of inducing oxidation and damage of macromolecules, membranes and DNA and thereby contributing to cellular damage and acceleration of cell death through apoptosis and necrosis. This mechanism may be especially important in advanced heart failure (Suematsu et al. 2003) . In addition, ROS can profoundly impair cellular energetics through actions on mitochondrial enzymes. More recently, it has been appreciated that oxidative stress may also exert more subtle modulatory effects. First, inactivation of the signalling molecule nitric oxide (NO) by ROS is recognized to be a key mechanism underlying reduced NO bioavailability, which may also be an important contributor to disease pathophysiology (Hua & Harrison 2000) . Second, the tightly regulated production of ROS can modulate the activity of diverse intracellular molecules and signalling pathways (a mechanism commonly termed 'redox signalling'), with the potential to induce highly specific acute and chronic changes in cell phenotype (Finkel 1999 ).
There is growing evidence that redox-sensitive signalling pathways play important roles in the processes underlying LVH and LV remodelling. For example, the hypertrophy of isolated cardiomyocytes induced by a-adrenergic agonists, angiotensin II (AngII), endothelin-1, tumour necrosis factor-a (TNF-a), or cyclic stretch has been shown to involve increased ROS production (Nakamura et al. 1998; Pimentel et al. 2001; Hirotani et al. 2002) . Inhibition of the antioxidant Cu-Zn superoxide dismutase, which leads to increased intracellular ROS levels, also induces hypertrophy of isolated cardiomyocytes. The development of pressure-overload LVH in mice as well as the transition from compensated pressure-overload LVH to heart failure in guinea-pigs are inhibited by antioxidants, supporting a role for ROS production in cardiac hypertrophy in vivo (Dhalla et al. 1996; Date et al. 2002) . Increased ROS production is also implicated in LV remodelling following experimental myocardial infarction, which can be inhibited by ROS scavengers (Kinugawa et al. 2000; Sia et al. 2002) . In the clinical setting, there is good evidence of increased oxidative stress in CHF patients, which has been correlated with myocardial dysfunction and the overall severity of heart failure (McMurray et al. 1993; Hornig et al. 1998; Mallat et al. 1998; Ellis et al. 2000) .
POTENTIAL SOURCES OF ROS
Potential sources of ROS in LVH and CHF include xanthine oxidase, mitochondria, uncoupled nitric oxide synthases (NOSs) and infiltrating inflammatory cells. Excessive mitochondrial-derived ROS generation has been demonstrated in cardiomyocytes from experimental models of both rapid pacing-induced heart failure and myocardial infarction and was shown to be associated with LV contractile dysfunction (Ide et al. , 2001 . Elevated xanthine oxidase expression and activity has previously been reported in both human end-stage heart failure (Cappola et al. 2001 ) and canine rapid pacing-induced heart failure (Ekelund et al. 1999) ; the latter study also showing that LV contractile function and myocardial efficiency were improved by the xanthine oxidase inhibitor, allopurinol. These sources may be especially relevant in advanced heart failure. Any setting in which there is significant oxidative stress can also potentially lead to further ROS production by uncoupled NOSs secondary to the oxidation of the essential NOS cofactor BH 4 (Landmesser et al. 2003) .
Despite the presence of these multiple ROS sources, studies in the last decade have indicated that a major source of ROS involved in redox signalling is a family of NADPH oxidases. These superoxide-generating enzymes are major cardiovascular sources of ROS, particularly in the vasculature, where they have been shown to play important roles in the disease pathophysiology (Griendling et al. 2000a,b) . Compelling data implicates ROS generated by NADPH oxidases in the pathophysiology of AngII-dependent and low renin hypertension, vascular smooth muscle (VSM) proliferation, atherosclerosis, angiogenesis, and in endothelial dysfunction associated with hypercholesterolaemia, diabetes and aging.
NADPH OXIDASES IN CARDIOVASCULAR CELLS
The classical NADPH oxidase complex comprises a membrane-bound cytochrome b558 (composed of one gp91 phox and one p22 phox subunit) which forms the catalytic core of the enzyme, and four cytosolic regulatory subunits (p47 phox , p67 phox , p40 phox and Rac) which translocate to the cytochrome b558 to activate the enzyme (Lassegue & Clempus 2003 )-figure 1. In the last few years, several groups including our own have reported the presence of NADPH oxidases in cardiovascular cells including endothelial cells (EC), adventitial fibroblasts, VSM and cardiomyocytes. Unlike the neutrophil oxidase, the enzyme in cardiovascular cells continuously generates intracellular ROS at a low level even in the absence of cell stimulation. However, NADPH oxidase activity may be significantly enhanced by several different stimuli, many of which are relevant to LVH and heart failure, e.g. cyclic stretch, AngII, a-adrenergic agonists, endothelin-1 and TNF-a (Ushio-Fukai et al. 1996; De Keulenaer et al. 1998a,b; Li et al. 2002b) . NADPH oxidase activation by these stimuli involves both transcriptional upregulation of component oxidase subunits and acute activation through post-translational modification of oxidase regulatory subunits.
Several isoforms of the gp91 phox catalytic subunit of NADPH oxidase have been described in the last 4 years, each encoded by separate genes. These isoforms are now termed NOXs, and comprise NOX1-5 and Duox1 and 2; NOX2 is the new name for gp91 phox (Lambeth 2004) . Cardiovascular cells exhibit specific patterns of NOX expression, with several cell types expressing more than one isoform. NOX2 is abundantly expressed in ECs, fibroblasts and cardiomyocytes. NOX1 was initially identified in colon carcinoma cells, and is highly expressed in cultured VSM, but is not found to any significant level in cardiomyocytes or ECs. NOX4 was first identified in the kidney and appears to be quite widely expressed. Interestingly, cardiomyocytes and ECs coexpress NOX4 and NOX2 ( phox , p40 phox and Rac translocate to the NOX2-p22 phox complex to activate the enzyme. Several NOX isoforms have been described but whether they all require these subunits for activation remains uncertain. NOX1-containing oxidases have been shown to associate with isoforms of p47 phox and p67 phox termed NOXO1 and NOXA1, respectively (Lambeth 2004). NOX2 : NOX4 mRNA expression ratio by real-time PCR is ca 1 : 2 (Byrne et al. 2003) .
INVOLVEMENT OF NADPH OXIDASES IN LVH AND HEART FAILURE
Recent studies have begun to implicate NADPH oxidases in LVH and heart failure in vivo. In experimental pressure-overload LVH induced by aortic banding in guinea-pigs, we reported that NADPH oxidase subunit expression as well as activity were increased in parallel with activation of mitogenactivated protein kinases (MAPKs); oxidase expression was documented in both cardiomyocytes and ECs (Li et al. 2002a ). In this model, ROS derived from the oxidase also appeared to contribute to the inactivation of endothelium-derived nitric oxide and the consequent LV diastolic dysfunction (MacCarthy et al. 2001) . Similar NADPH oxidase activation is also observed in pressure-overload LVH in mice (Byrne et al. 2003 ). An increased cardiac expression of the NADPH oxidase subunits, NOX2 and p22 phox , was also reported after myocardial infarction both in an animal model (Fukui et al. 2001) and in human myocardium (Krijnen et al. 2003) . Recently, our group and others confirmed that myocardium from end-stage human CHF patients demonstrates increased NADPH oxidase activity (Heymes et al. 2003; Maack et al. 2003) .
Recently, the role of the NOX2-containing NADPH oxidase in LVH has been specifically addressed in studies in NOX2-deficient mice, which were initially developed as a model of neutrophil oxidase deficiency (Pollock et al. 1995) . We first studied AngII-induced in vivo cardiac hypertrophy, using a model of 7-14 day subpressor AngII infusion by osmotic minipump (Bendall et al. 2002) . AngII caused a dose-dependent increase in LV NADPH oxidase activity in wild-type but not NOX2 K/K mice. In parallel, in vivo hypertrophy (assessed by heart/body weight ratio or myocyte area) and increases in atrial natriuretic factor mRNA expression in response to AngII infusion were markedly inhibited in NOX2 K/K mice. These data provide the first definitive evidence for an essential role of the NOX2 oxidase in AngII-induced cardiac hypertrophy in vivo.
Although AngII plays a role in the development of in vivo pressure-overload LVH, several other stimuli including the rise in intracavitary pressure per se (i.e. mechanical forces) and additional neurohumoral factors are involved. We therefore studied the response to aortic banding in NOX2 K/K mice and matched wild-type controls (Byrne et al. 2003) . Banding of the abdominal aorta induced a similar haemodynamic load in both groups of mice. In contrast to the AngII infusion studies, morphological LVH and the associated rises in ANF mRNA in response to aortic banding were similar in NOX2
K/K and wild-type mice (Byrne et al. 2003) . Similar results have also been reported by an independent laboratory (Maytin et al. 2004) . However, we found that aortic banding significantly increased LV NADPH oxidase activity and in situ O $K 2 production not only in wild-type but also NOX2 K/K mice, which was probably the result of increased expression of NOX4 in the banded NOX2 K/K animals since NOX4 mRNA and protein were both found to be elevated. Furthermore, chronic oral treatment of banded NOX2 K/K mice with the antioxidant N-acetylcysteine significantly reduced the extent of LVH, consistent with ROS generation contributing to in vivo LVH (Byrne et al. 2003) . These results suggest that whereas NOX2 is pivotally involved in the development of AngII-induced LVH, that induced by pressure overload may be more dependent on NOX4. However, further studies indicate that NOX2 nevertheless plays an important role in other aspects of pressure-overload LVH. When LV contractile function was compared in banded and control wild-type and NOX2 K/K mice using state-ofthe-art pressure-volume analysis in ejecting hearts, we found that banded NOX2 K/K mice were significantly protected against the LV systolic and diastolic contractile dysfunction that occurred with banding in wildtype animals . Furthermore, a similar preservation of contractile function in banded NOX2 K/K versus banded wild-type mice was also found in cardiomyocytes isolated from these animals.
Taken together, these results suggest distinct roles for NOX2 versus NOX4 in different components of the overall hypertrophic response to pressure overload (figure 2). While NOX2 is not essential for the development of pressure-overload LVH per se (where NOX4 may play a role), it appears to be critically involved in the contractile dysfunction caused by pressure overload, at least in the early phases of LVH. These data also suggest that the downstream effects of ROS generated by NADPH oxidases may depend upon the specific isoform activated (possibly due to different subcellular compartmentation), and also indicate a clear dissociation between the development of contractile dysfunction versus hypertrophy per se.
NADPH OXIDASE AND INTERSTITIAL CARDIAC FIBROSIS
Multiple lines of evidence suggest that the intracellular redox balance is an important determinant of profibrotic processes. Oxidative stress has been shown to be a key regulator of fibrosis in many organs such as the liver, lungs, kidney and vasculature (Poli & Parola 1997; Park & Schiffrin 2002) . Often, this is associated with inflammatory infiltration, with both the infiltrating cells and resident tissue cells contributing to ROS generation. The proliferation of fibroblasts is modulated by superoxide (Irani et al. 1997) , which contributes to the activation of quiescent fibroblasts into the myofibroblast phenotype which produces large amounts of extracellular matrix. A functional NADPH oxidase is known to be present in fibroblasts (Meier et al. 1991) , and both NOX2 (Pagano et al. 1997 ) and NOX4 are expressed in this cell type (Chamseddine & Miller 2003) . In the vasculature, NADPH oxidasederived ROS have been suggested to be involved in extracellular matrix deposition and vascular remodelling that occur following AngII infusion (Wang et al. 2001; Virdis et al. 2004) . Furthermore, NADPH oxidase had been shown to be involved in the activation of matrix metalloproteinases (MMP) in response to mechanical stretch. Grote et al. (2003) found that stretch-induced MMP-2 activation in VSM cells was associated with increased membrane translocation of p47 phox and was abolished in VSM cells from p47 phoxK/K mice. AngII also failed to increase MMP-2 activity in these mice (Luchtefeld et al. 2005) .
There are, therefore, good reasons to postulate that NADPH oxidase-derived ROS may also play a role in cardiac fibrosis. This question has recently been addressed by our laboratory and others. We investigated interstitial cardiac fibrosis in NOX2 K/K mice infused with AngII for up to two weeks. In addition to demonstrating reduced cardiac hypertrophy in these animals, interstitial cardiac fibrosis was also almost completely abolished (Bendall et al. 2002; Johar et al. 2004) . In addition, the mRNA expression of procollagen I and III as well as the activation of MMP-2 were found to be suppressed in NOX2 K/K mice infused with AngII compared with wild-type animals ( Johar et al. 2004) . Interestingly, NOX2 also appears to have a profibrotic role in pressure-overload LVH since we found that NOX2-deficient mice subjected to aortic banding had reduced interstitial fibrosis compared to banded wild-type animals. In an experimental model of aldosterone-driven interstitial cardiac fibrosis, Sun et al. (2002) reported evidence of increased oxidative stress together with increased expression of NOX2 in the ventricular myocardium although a cause-effect relationship between these observations was not established in this study.
The above results suggest a significant role for NADPH oxidase in the processes leading to interstitial cardiac fibrosis. Indeed, these enzymes seem to be important for fibrosis in many organs including the vasculature (Pu et al. 2003) , liver (Bataller et al. 2003) and lungs (Manoury et al. 2005) .
MECHANISMS UNDERLYING NADPH OXIDASE-INDUCED PRO-HYPERTROPHIC AND PRO-FIBROTIC ACTIONS
While the in vivo studies discussed above provide increasing evidence for the importance of NADPH oxidase activation in LVH, fibrosis and remodelling, the underlying subcellular processes that are involved remain poorly studied to date. The major ROS species generated by NADPH oxidases is O At a cellular level, a wide range of G-protein-coupled receptor agonists (e.g. AngII, Bendall et al. 2002; phenylephrine, Amin et al. 2001; endothelin-1, Duerrschmidt et al. 2000) , growth factors, cytokines (e.g. TNF-a), tyrosine kinase-dependent agonists (e.g. insulin; Mahadev et al. 2004 ) and mechanical stimuli are capable of activating NADPH oxidase. However, the responses to different agonists may vary among cell types with relatively little information available for cardiomyocytes. NADPH oxidases have been implicated in AngII-dependent signalling and norepinephrine-induced hypertrophy in isolated cardiomyocytes (Wenzel et al. 2001; Xiao et al. 2002) , while the small GTP-binding protein Rac1 (which plays a role in NADPH oxidase activation) is involved in endothelin-1, AngII-and phenylephrine-induced cardiomyocyte hypertrophy (Pracyk et al. 1998; Takemoto et al. 2001; Higuchi et al. 2003) . Emerging evidence suggests that different NOX isoforms may be activated in an agonist-specific manner and this also may be dependent upon the cell type. For example, NOX1 is implicated in platelet-derived growth factor and AngII signalling in VSM cells (Lassegue et al. 2001) , while in cardiomyocytes NOX2 appears to be critical in AngII responses (Bendall et al. 2002) .
The redox-sensitive signalling pathways that are influenced by NADPH oxidase activation in the heart remain poorly characterized. Potential redox-sensitive downstream targets include Ras, c-Src, the MAPKs (p38MAPK, ERK1/2, JNK), p90RSK, the PI3 kinase (PI3K)/protein kinase B/Akt pathway, AP-1, NF-kB, HIF-1 and others (Lassegue et al. 2001; Xiao et al. 2001; Herkert et al. 2002; Gorin et al. 2003; Adachi et al. 2004; Djordjevic et al. 2005; Kuster et al. 2005) . The involvement of NADPH oxidase in activating these pathways has been mostly studied in vascular cells with only a few studies in cardiomyocytes. Several recent studies suggest that the small GTPase RAS is a redox-sensitive signalling switch in many cell types. Kuster et al. (2005) demonstrated that a-adrenergic receptor hypertrophic signalling in adult rat ventricular myocytes is dependent upon a thioredoxin-1 sensitive post-translational oxidative modification of thiols on RAS. Similarly, Xiao et al. (2001) reported a greater than sixfold acute activation of RAS in cardiomyocytes; downstream of RAS, there was phosphorylation of MEK1/2, ERK1/2 and p90SRK within 5 min. In VSM cells, Adachi et al. (2004) demonstrated that S-glutathiolation of RAS plays a critical role in AngIIinduced hypertrophic signalling and importantly that overexpression of dominant negative p47 phox prevented p38MAPK and Akt phosphorylation. RAS may also directly mediate NADPH oxidase activation to generate intracellular ROS (Irani et al. 1997) . Thus, NIH-3T3 fibroblasts stably transformed with a constitutively active isoform of p21Ras, H-Ras v12 , produced large amounts of superoxide which was inhibited by dominant negative Ras or Rac1 (Irani et al. 1997) .
c-Src is a ubiquitously expressed 60 kD kinase of the Src kinase family known to be activated by G-proteincoupled receptors. Seshiah et al. (2002) proposed a model whereby c-Src was activated by H 2 O 2 derived from a rapid protein kinase C-dependent activation of NADPH oxidase by AngII in VSM cells. Activation of c-Src in turn transactivated the epidermal growth factor receptor which is required for subsequent Rac activation and a more sustained activation of NADPH oxidase. In agreement with this, our unpublished data in cardiomyocytes demonstrate that c-Src inhibition prevented hypertrophic responses to both phenylephrine and endothelin-1 without affecting ROS production-implying that c-Src may be downstream of NADPH oxidase activation. In contrast, however, Touyz et al. (2003) reported evidence in rat aortic VSM cells that c-Src was upstream of NADPH oxidase in AngII-stimulated H 2 O 2 production.
Many studies have shown that activation of several members of the MAPK family is redox sensitive (Li et al. 1998; Griendling et al. 2000a,b; Xiao et al. 2001; Herkert et al. 2002; Kimura et al. 2005; Kuster et al. 2005) . Of these, an involvement of NAPDH oxidase has convincingly been demonstrated for p38MAPK (Ushio-Fukai et al. 1998; Viedt et al. 2000; Herkert et al. 2002; Touyz et al. 2005) and JNK activation Viedt et al. 2000) in VSM cells through the use of specific molecular approaches (e.g. p22 phox or p47 phox antisense). Results for ERK1/2 activation are more controversial with studies demonstrating both positive (Gorin et al. 2004; Djordjevic et al. 2005) and negative Touyz et al. 2005) findings. However, in ECs, AngII-and TNF-a-dependent ERK1/2 activation are clearly NADPH oxidase dependent Li et al. 2005) . Similarly, in glomerular mesangial cells, AngII-dependent ERK1/2 activation involves NADPH oxidase (Gorin et al. 2004) . Several studies have also consistently reported an involvement of NADPH oxidase-derived ROS in activating PI3K/Akt (Ushio-Fukai et al. 1999; Herkert et al. 2002; Seshiah et al. 2002; Gorin et al. 2003; Djordjevic et al. 2005; Touyz et al. 2005) . In mesangial cells, NOX4 antisense oligonucleotides or dominant negative Rac1 abolished AngII-induced activation of Akt, while in human pulmonary artery smooth muscle cells, p22 phox or NOX4 antisense prevented urotensin II-induced ROS production and Akt activation (Djordjevic et al. 2005) . Likewise, in rat aortic VSM cells, an NADPH oxidase inhibitor significantly inhibited AngII-induced Akt activation.
Taken together, the above data suggest several potential redox-sensitive signalling pathways that may be modulated by NADPH oxidase in various cell types. However, which precise pathways are involved in NADPH oxidase-dependent effects on cardiac hypertrophy remains the subject of ongoing investigation.
CONCLUSIONS
A large body of evidence suggests a role for increased ROS production in the pathophysiology of LVH and heart failure. While several different sources of ROS may be involved in CHF, the NADPH oxidases may be especially important in modulating redox-sensitive signalling pathways that underlie the development of cardiomyocyte hypertrophy, interstitial cardiac fibrosis and ventricular remodelling. NADPH oxidases are specifically activated by several stimuli known to be important in these processes, e.g. AngII, cytokines and mechanical forces. Studies in gene-modified mice lacking the NADPH oxidase isoform NOX2 clearly demonstrate an important role for this enzyme in mediating AngII-dependent cardiomyocyte hypertrophy and interstitial fibrosis as well as LV contractile dysfunction associated with pressure-overload LVH. On the other hand, cardiomyocyte hypertrophy in response to pressure overload may involve the NOX4 isoform. These results suggest not only an isoformspecific activation of NOX isoforms in cardiac disease, but also distinct downstream targets for these isoforms. Thus, it is likely that each NOX protein subserves distinct biological functions in cardiac hypertrophy and remodelling. Independently targeting different members of the NOX family may hold the potential for therapeutic intervention in the treatment of cardiac disease.
